Abstract. Experiments on Alcator C-Mod have addressed several issues for the ITER 15 MA baseline scenario from [2009][2010][2011][2012]. Rampup studies show ICRF can save significant V-s, and that an H-mode in the ramp can be utilized to save 50% more. ICRF modifications to li(1) are minimal, although the Te profile is peaked relative to ohmic in the plasma center. Rampdown studies show H-modes can be sustained, avoiding an OH coil overcurrent, that fast rampdowns are preferred, the density drops with Ip, and that the H-L transition occurs at P net /P thr,LH ~ 0.7-0.9 at n/n Gr ~ 0.85. Flattop plasmas targeting ITER baseline parameters have been produced for 20 τ E or 8-13 τ CR , but only reach H 98 ~ 0.6 at n/n Gr = 0.85, rising to 0.9 at n/n Gr = 0.65.
Introduction
Alcator C-Mod [1] has performed a number of experiments from 2009-2012 to examine issues associated with the baseline 15 MA ELMy H-mode scenario in ITER. Simulations of this scenario [2] , which were done to confirm that sufficient operating space existed, identified a number of uncertain features that would benefit from experimental support. In the plasma current rampup phase the volt-second consumption and resulting current profile (characterized by the internal self-inductance, l i ) depends on the ramp rate, level of ohmic and auxiliary heating, type of auxiliary heating, global energy confinement, L or H-mode regime, and level of impurities. Experiments were done to examine ohmic and ICRF heated rampup, with a rampup time characteristic of ITER, t ramp /τ CR ~ 10 (τ CR is current redistribution time) Simulation of these experimental rampup phases allows the comparison of energy transport models, which are typically used to project ITER behavior, with the actual experimental evolution. In the experiments examining the flattop phase for the ITPA IOS, the q 95 , plasma shape, β N , n/n Gr (n Gr = I P /πa 2 ) , and H 98 are targeted to match those anticipated in ITER, and the demonstration of this regime with multiple τ CR duration in C-Mod has been accomplished. In the rampdown phase, it was shown [2] that allowing an H-L transition at the end of flattop burn in ITER would result in an over-current in the central solenoid (CS) coils as these coils compensate the sudden change in poloidal flux. Although remaining in the H-mode into the rampdown was shown to eliminate this effect, additional questions remained for this discharge phase; what is required to stay in the H-mode, plasma shape evolution required to avoid vertical instability, how did the density evolve, and could the plasma remain diverted to low plasma current values avoiding excessive heating of the first wall tiles. The activities on C-Mod to address these issues are reported here.
Alcator C-Mod is a high field compact tokamak, with a major radius of 0.67 m, minor radius of 0.22 m, elongation of up to 1.9 and triangularity up to 0.6, a standard toroidal field of 5.4 T, utilizing first harmonic minority hydrogen ion cyclotron (IC) heating at 80 MHz, and a corresponding plasma current of 1.3 MA (for q 95 ~ 3). Some of the experiments reported here will be at 2.7 T and 650 kA (and 2 nd harmonic H heating) in order to access both the flattop target β N and n/n Gr simultaneously. The L to H transition thresholds are P thr,LH (MW) = 1.5n L 0.72 for 5.4 T and 0.86n L 0.72 for 2.7 T, for line average density in 10 20 /m 3 .
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Plasma Current Rampup
The anticipated ITER current rampup time can range from ~ 50 to 100 s, while a range of the current redistribution time (τ CR ) is about 5-16 s, showing that the plasma current profile will be largely relaxed and that the current profile will directly reflect the electron temperature profile, that is j ~ T e 3/2 . In C-Mod the rampup time was 450-550 ms, with a corresponding τ CR range of 25-55 ms for ohmic and ICRF heated discharges. C-Mod's main heating source is up to 5 MW of ICRF, while 20 MW of ICRF power is planned for the day-one heating mix on ITER. A comparison of the ohmic rampup and ICRF heated rampup was pursued to define volt-second savings associated with heating and how this heating method would modify the current profile. The plasmas are grown to full size and diverted in the 80-100 ms time frame, corresponding to the 15 s divert time (out of 50-100 s rampup time) in ITER. This can significantly reduce Z eff early in the ramp phase, and reduce the variability of the rampup phases. The toroidal field is 5.4 T, plasma current is 1.3 MA, elongation of 1.75, and end of rampup line average density of 1.3x10 20 /m 3 .
Shown in Figure 1 are the OH1 coil currents (a), internal self-inductance (li) (b), line average density (/m 2 ) (c), and electron central temperature (d) versus time, for ohmic heating only, with 1 MW of ICRF heating, with 1 stepping to 2 MW (1-2 MW) of ICRF heating, and same with an H-mode transition at ~ 80% of the rampup time. The ICRF power was initiated at 120 ms, and always began with 1 MW, since higher powers resulted in larger impurity influx and radiated powers. The lower OH1 coil current at the end of the ramp, for cases with ICRF heating, show that fewer V-s are required to rampup the plasma current. The difference between injecting 1 MW and 1-2 MW is insignificant, indicating that in L-mode the benefits of heating saturate. The onset of H-mode during the rampup allows even larger V-s saving, and although not shown, appears to allow higher heating power to be effective. A discharge with an H-mode forming at the same time as the case shown in Fig. 1 , also had the ICRF power step up from 2 to 3 MW at the same time, and demonstrated further reduction of the OH1 current and the edge poloidal flux, however, it was not sustained to end of rampup. Saving V-s in ITER is desirable in order to guarantee a sufficiently long flattop burn phase. The OH1 coil in C-Mod is very similar in behavior to the centermost central solenoid (CS) coil in ITER, and predominantly drives inductive plasma current. The V-s savings derived from the plasma edge poloidal flux is 9.6% of the ohmic V-s for the 1 and 1-2 MW ICRF heated cases, while the savings is 14.4% of the ohmic V-s for the 1-2 MW with an H-mode. Using these savings fractions relative to an ohmic ITER rampup, which requires about 115 Vs in 100 s [2] , the savings would be up to 11 V-s for heated L-mode, 17 V-s for the heated Lmode with late ramp H-mode, and 23 V-s for late H-mode with additional ICRF heating. The OH1 coil current savings amount to 5.6% and 9.7% of the ohmic current swing. The corresponding OH1 current swings represent the entire V-s requirement, including the external inductive contribution, which is considered very similar in all cases due to the same plasma current and shape. Comparing these fractions to ITER, which requires a central solenoid (CS1) coil swing of about 85 MA for an ohmic rampup in 100 s, the savings correspond to 4.76 and 8.25 MA. The experimental discharges demonstrate some variability in V-s and OH1 coil current values at the end of the current rampup, in spite of nominally similar parameters. This arises due to slightly different density trajectories, Z eff behavior and wall conditions. Comparing multiple ohmic and multiple 1-2 MW ICRF heated cases, the variations amount to 5.4% of a nominal ohmic swing, and 2.4% of a nominal 1-2 MW ICRF heated swing, indicating the observed savings exceed the natural discharge to discharge variation by a sufficient amount.
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If the OH1 current and edge poloidal magnetic flux traces are followed through the flattop phases, where the ICRF heated plasma enters and exits the H-mode, then the V-s saved in rampup can be shown to be preserved to the end of flattop. The OH1 coil current trajectory will slow down as the plasma enters H-mode and speed up when it exits H-mode at the end of the flattop, and is similar for the edge poloidal magnetic flux. These are due to a change in the current profile as the pedestal generates bootstrap current, lowering li, and producing an inductive V-s savings. Prior to this any V-s savings over an ohmic rampup are resistive, and any internal inductive contribution associated with the L-mode current profile were found to be minimal. The V-s reduction at H-mode onset is subsequently consumed at the H-mode exit, and cannot be considered savings, unless the H-mode is preserved into the rampdown, which is in fact the reference for ITER. H-mode preservation into rampdown has been routinely demonstrated on C-Mod, simulation the ITER scenario. The plot of li in Fig. 1(b) shows little change from ohmic at the end of the ramp for L-mode when adding ICRF heating in the rampup phase. Since the current relaxation time is short compared to the rampup time, we expect the current profile to be relaxed, and therefore have a shape that is proportional to T e 3/2 . Fig. 1 (f) also shows four electron temperature profiles from Thomson scattering and ECE measurements at 294 ms, for the cases being considered. The peaking of the temperature profile in the center is clearly demonstrated, relative to a weaker change in the outer half of the minor radius, which will not contribute strongly to the integrated quantity li (=∫B 2 pol dV). On the other hand the sawtooth onset time, which is a sensitive measure of the on-axis current density, does show the effect of ICRF, which causes earlier onset than for an ohmic plasma. The sawtooth onset times are 350 ms for the ohmic discharge, and 240, 250, and 300 ms for the ICRF heated discharges. The ICRF power deposition profiles onto thermal ions and electrons are also shown Fig. 1 (e) along with the total power split between electrons and ions, calculated from TORIC full wave analysis in EXC/P2-02 TRANSP. Here the hydrogen minority absorbs nearly 100% of the injected power due to very strong damping, so that the heating on thermal electrons and ions is entirely from slowing down.
Global energy confinement time scalings obtained in these rampup discharges are H 98 = 0.35-0.4 for ohmic discharges, and 0.45-0.6 for ICRF heated discharges. The peak to volume average electron temperatures, prior to sawteeth, range from 2.0 (early) -2.8 (late) for an ohmic discharge, and 2.0 (early) -3.8 (late) for ICRF heated discharges. In the post sawtooth onset phase, the ohmic and ICRF heated peak to volume average temperature profiles drops nearly linearly from 2.8 to 2.0, and 3.8 to 2.0, respectively.
The impact of density variations in the rampup phase was examined by scanning the final density at end of ramp through 0.6, 1.0, 1.3, and 1.8x10 20 /m 3 . These correspond to a range of densities relative to the Greenwald density of 0.07 to 0.22. Considering the ohmic rampup cases, although the decrease in density showed a complimentary increase in electron temperature (constant pressure), the reduction in OH1 coil current is minimal. The lowest density resulted in locked mode disruptions in every case, indicating this is below a safe operating density. The total radiated powers among the discharges are similar, and the edge poloidal magnetic flux shows only a weak variation. The current profiles, as described by li, do not show significant differences at the end of ramp, and the sawtooth onsets, from ECE central temperature, are earlier for the lower temperatures, as would be expected from current diffusion. The lowering of plasma density in the rampup phase does not appear to reduce V-s consumption or modify the current profile in any significant way, apart from very low densities where the locked mode limit is reached at n/n Gr > 0.07.
Plasma Current Rampdown
The rampdown phase in ITER has a complex combination of constraints 1), reduce the plasma current to < 15% of its flattop value, 2) avoid vertical instabilities, 3) stop consuming V-s (or advancing the CS coil currents), 4) remain diverted, and 5) avoid disruptions of all types until the plasma has very low current. It was found in simulations of ITER that the sudden exit from H to L-mode would induce a response from the CS coils, referred to as an over-current. This is undesirable at the end of flattop in ITER because ITER will be trying to push coils near their limiting currents and fields to maximize the flattop burn duration. This could be avoided by remaining in the H-mode as the discharge transitions from flattop into rampdown, and maintaining the H-mode for some period of time. However, it was generally unknown what the plasma density would do in the rampdown phase as the plasma current was reduced, particularly with the aggravating features of high density relative to Greenwald and seeded impurities. The time scale of the rampdown for ITER was unspecified as there was little guidance on the requirements. 
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was reduced with the plasma current, from 1.75 to 1.4-1.5, in order to avoid vertical instability that would arise with evolution to higher li, more peaked current distributions. The plasmas remained vertically stable even with li rising to greater than 2.0. The plasma is maintained on the midplane (Z = 0) during the rampdown in order to allow ICRF power coupling to the plasma. In general, it was possible to bring the plasma current down to 15% of its flattop value before termination, although some cases suffered from injections (very rapid radiative collapse), which terminated the discharges, however none were terminated due to vertical instability or progressive impurity accumulation (and associated rise in radiated power). The sustainment of the EDA H-mode in the rampdown required ICRF power injection, generally > 0.75 MW. The experiments showed that the plasma density decreases at the same rate as the plasma current, and therefore maintained a constant n/n Gr , when in a regulated H-mode (such as an EDA), which is only sustained with ICRF power. When no ICRF power was applied in the rampdown, the plasma density does not drop with Ip, but can remain high followed by an H-L transition. Shown in Fig. 2 are plots of the plasma current (a), OH1 current (b), density (c), and ICRF power (d) for cases maintaining regulated Hmodes into the rampdown phase. The plasma stored energy decreases with the square of the plasma current. The slowest rampdown does not obtain a decrease in the OH1 coil current, making this case vulnerable to the over-current, which is evident at 1.85 s where the OH1 coil current rises with the H-L transition. The other faster rampdown cases obtain a drop in OH1 coil current, and the response to the H-L transition is barely visible. In ITER the precise time when an H-L transition could be tolerated will depend on several variables including the termination of auxiliary power since the plasma would be moved downward away from the midplane, and toward the divertor, and when the central solenoid coils were sufficiently low that the over-current can be tolerated. Here it is demonstrated that faster ramps are preferable since they provide the largest margin for H-L transitions, intentional or unintentional, since the OH1 coil is reduced more quickly.
The pedestal in the H-mode during the rampdown shows that both temperature and density are decreasing simultaneously, Fig. 2 (e) and (f). Since the stored energy decreases as Ip 2 , and the density drops with Ip, the temperature also drops with Ip. Eventually H-L transitions do occur in spite of continued injected power. For the regulated H-modes, over all the rampdown rates, the back transitions occur at ratios of P net /P thr , LH (P net = 0.9P ICRF + P OH -dW/dt -P rad ) over a range of 0.39-0.57, indicating a hysteresis or some benefit associated with ramping the plasma current down. During these rampdown H-modes the energy confinement obtained ranges over H 98 ~ 0.6-0.67 in the beginning of rampdown to values ~ 0.3-0.47 just prior to the H-L back transition. During the rampdown phase the ohmic heating power ranges from 2.0 MW at the earlier times to 0.7-1.7 MW at the H-L back transition, compared to 0.75-1.3 MW of ICRF injected power. In ITER the ohmic heating power would not exceed ~ 10 MW, while the L-H threshold formula gives ~ 90 n 0.72 MW [3] , (compared to 100 MW of alpha power and 40-50 MW of auxiliary heating in flattop), and so establishing and maintaining an Hmode in rampdown in ITER must rely entirely on auxiliary power, and any residual alpha power in the early higher density phase.
Flattop experiments (Ip = 0.65 MA, B T = 2.7 T), to be discussed later, that reach n/n Gr ratios of 0.75-0.89 at the beginning of rampdown all showed sustained H-modes into the rampdown with 1.6 MW of injected power, dropping to 1.1 MW late in the rampdown. The density tracked the plasma current as seen before. These cases also avoided OH1 coil over-currents, and ramped down to 15% of the flattop plasma current before terminating. These required power levels were higher than those required for the lower n/n Gr discharges obtained with Ip = EXC/P2-02 1.3-1.5 MA and B T = 5.4 T, indicating that the higher relative densities require greater power to sustain the H-mode. The H-L back transitions occurred at ratios of P net /P thr,LH in the range of 0.70-0.90, noticeably higher than those at lower n/n Gr for B T = 5.4 T. In these experiments the ohmic power at the back transition is in the range of 0.25-0.55 MW, compared to injected ICRF powers of 1.1-1.6 MW, moving much closer to the ITER situation. Dedicated rampdown experiments at 2.7 T will be necessary to more precisely quantify the power requirements. Figure 2 . Plasma current, density, OH1 coil current and ICRF power for rampdown experiments maintaining H-mode, and pedestal temperature and density during rampdown.
Flattop Plasmas
The baseline flattop burning plasma in ITER targets simultaneous parameters q 95 = 3, elongation of 1.8, β N = 1.75, n/n Gr = 0.85, and H 98 ~ 1.0, while in a regulated H-mode (i.e ELMy H-mode). C-Mod discharges have attempted to reproduce this set of parameters by reducing the toroidal field from a typical value of 5.4 T, to 2.7 T, which allows higher β N and n/n Gr simultaneously. The plasma current is 0.65 MA, elongation is 1.75, q 95 reaches 3.0-3.2, and 2 nd harmonic H-minority heating is used. The rampup and rampdown times for these discharges are shortened to reflect a reduction in the current diffusion time due to lower electron temperature (250-300 ms). ITER must also radiate a significant portion of its input power to maintain the power to the divertor within acceptable levels, which ranges from 25-40%. C-Mod has a metallic wall made of molybdenum, and a boron low Z coating is applied. The fractions of radiated to input power (P ICRF + P OH ) from these intrinsic impurities ranged from 16-36%, quite close to the ITER expectations. The H-mode is regulated by a quasicoherent mode (QCM) and is in the enhanced D-alpha regime (EDA). The ICRF heating waveform was varied to minimize or avoid the ELM-free phase, although this was not completely successful, and several discharges show some ELM-free features in the high power flattop phase (3-5 MW injected ICRF power). Shown in Fig. 3 are waveforms for 3 discharges typical of the parameter space obtained. One shows an n/n Gr ratio of 0.85, however β N reaches 1.35, while in another case the β N exceeds 2.0, while obtaining n/n Gr of 0.65. The associated H 98 factors were 0.55 for n/n Gr = 0.85, 0.72 for n/n Gr = 0.75, and 0.83 for n/n Gr = EXC/P2-02 0.65. Quasi-stationary phases are sustained for ~ 400 ms, equivalent to 20 energy confinement times (τ E = 20 ms), or 8-13 current redistribution times (τ CR = 30-50 ms). Figure 3 . Plasma current, density, β N , ICRF and radiated power for flattop discharges, and global energy confinement versus n/n Gr and P net /P thr,LH for quasi-stationary phases.
The global energy confinement was strongly reduced as the higher densities are achieved. A series of parameter comparisons for both 2011 and 2012 flattop experiments are shown in Fig.  3 . In 2012 the goal was to increase the net power in conjunction with reaching high density (high n/n Gr ) in order to increase the energy confinement, as was indicated by data both from separate experiments [4] and the ITER flattop experiments performed in 2011. Although P net was increased the improvement in energy confinement was limited. The net power normalized to the L-H threshold power [3] , showed that the new experiments had moved to 1.5-2x the threshold, but in spite of this, the confinement remained similar to the older experiments. The stored energy in the plasma is decreasing with n/n Gr , and the net power delivered to the plasma is tending to decrease with n/n Gr as well. Comparing the high and low n/n Gr cases it is found that the approximate 30% increase in density has resulted in 2-4x decrease in the temperature, so that the pressure is not preserved in this trade-off, and the pedestal temperature is severely reduced. Previous work in JET discharges [5] showed that higher plasma triangularity could restore the global energy confinement at high n/n Gr . The upper triangularity is in the range of 0.38-0.42, and lower triangularity (X-point) of 0.5-0.54. Overall the average triangularity is ~ 0.46, which is similar to the values obtained in JET, however, a confinement recovery has not been observed. More dedicated experiments modifying both the upper and the lower triangularity are needed to explore if this is accessible.
Strong MHD activity (B r /B θ ~ 10 -3 ) is observed in many discharges. The most persistent EXC/P2-02 modes have frequencies in the 7 to 12 kHz range, with toroidal mode number n=2 and rotating in the co-current (ion diamagnetic) direction in the lab frame. Higher mode numbers n=3,4 with frequencies up to 20 kHz are also observed. The magnetic signature of the n=2 mode is consistent with a poloidal mode number m=3, but soft X-ray arrays indicate a complicated radial structure with coherent components in the pedestal region and near the q=1 surface, as well as near q=3/2. The mode onset can be triggered by an external transient (rapid rise in RF power or drop in radiated power) with 1.1 < β N < 1.35, or occur spontaneously as β N rises above 1.5. Once initiated, the modes persist despite small variations in β N , but the frequency rises with decreasing β N and vice versa. The modes often persist into rampdown as long as the H-mode is sustained, terminating until β N drops below 1.0 to 1.35. The degree to which these modes may degrade global confinement is not clear, but the mode amplitudes do not seem to be correlated with n/n Gr .
Conclusions
Experiments on C-Mod in support of the ITER 15 MA baseline scenario have clarified several important issues raised in the recent design studies and as part of the ITPA IOS activities. The application of ICRF power has been shown to save significant V-s in the rampup phase for L-mode, and 50% more if an H-mode is induced late in the ramp. The inductive V-s savings associated with an H-mode current profile modification can be credited since the plasma remains in H-mode sufficiently far into the rampdown. Changes of li(1) from the ICRF heating in L-mode are minimal compared to ohmic current profiles, due to the specific heating deposition and Te profile response. Global energy confinement in the rampup phase are H 98 = 0.35-0.4 for ohmic and 0.45-0.6 for ICRF heated. Density variations during the rampup did not demonstrate V-s savings unless it was low enough to induce locked mode disruptions. Rampdown experiments have demonstrated that maintaining H-mode into the rampdown phase is a viable technique to avoid an over-current in the OH1 coil in C-Mod (or CS1 coils in ITER), and that the plasma current should be ramped down faster rather than slower in order to guarantee that the OH coil is decreasing in the rampdown phase. The density is found to decrease with Ip in these regulated H-modes, making n/n Gr constant, and both the density and temperature pedestals show a progressive decrease as Ip drops. The ultimate H-L transition occurs at P net /P thr,LH of 0.39-0.57 for n/n Gr = 0.54-0.58, and 0.7-0.9 for n/n Gr = 0.75-0.89. Flattop experiments targeting the ITER baseline parameter set of q 95 , shape, β N , n/n Gr , and H 98 showed that the H 98 ~ 1 could not be reached in combination with the high n/n Gr of 0.85, although it was recovered when n/n Gr decreased to 0.65. These discharges showed quasi-stationary phases at high performance for 20 τ E and 8-13 τ CR . Simultaneously, EDA regulated H-modes were obtained, impurities were a low Z boron and high Z molybdenum, and radiated power fractions of 16-36% were reached. MHD is observed in these plasmas with frequency range of 7-20 kHz, although its impact on energy confinement or other discharge features is not clear.
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